The subventricular zone of the adult primate brain contains neural stem cells that can produce new neurons. Endogenous neurogenesis might therefore be used to replace lost neurons in neurodegenerative diseases. This would require, however, a precise understanding of the molecular regulation of stem cell proliferation and differentiation in vivo. Several regulatory factors, including dopamine, have been identified in rodents, but none in primates. We have, therefore, studied the origin and function of the dopaminergic innervation of the subventricular zone in nonhuman primates. Tracing experiments in three macaques revealed a topographically organized projection from the substantia nigra pars compacta (SNpc), but not the adjacent retrorubral field, to the subventricular zone: the anteromedial SNpc projects to the anteroventral subventricular zone, the posterolateral SNpc to the posterodorsal subventricular zone. Double immunolabeling for tyrosine hydroxylase and BrdU (5-bromo-2Јdeoxyuridine) incorporated into the DNA of proliferating cells showed that dopaminergic fibers approach proliferating cells in the subventricular zone. We investigated the effect of this nigro-subventricular projection on cell proliferation in six aged macaques, because the rate of neurogenesis differs between young adult and aged primates and because neurodegenerative diseases mainly affect aged humans. Three macaques were treated with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) to decrease dopaminergic innervation of the subventricular zone. A significant decrease in the number of PCNA ϩ (proliferating cell nuclear antigen-positive) proliferating cells (Ϫ44%) and PSA-NCAM ϩ (polysialylated neural cell adhesion moleculepositive) neuroblasts (Ϫ59%) was found in the denervated regions of the subventricular zone, suggesting that an intact dopaminergic nigro-subventricular innervation is crucial for sustained neurogenesis in aged primates.
Introduction
The subventricular zone (SVZ) in the adult primate brain contains neural stem cells that have the potential to produce new neurons, astrocytes, and oligodendrocytes (Kornack and Rakic, 2001; Sanai et al., 2004) . Under physiological conditions, most of the cells born in the SVZ migrate to the olfactory bulb, where they differentiate and integrate as interneurons (Kornack and Rakic, 2001) . Under some pathological conditions, such as cerebral ischemia, Huntington's disease, or demyelination, SVZ-derived neural cells appear to contribute to brain repair (Arvidsson et al., 2002; Picard-Riera et al., 2002; Curtis et al., 2003) . Controlled stimulation of these spontaneous repair processes might be an elegant way to treat neurodegenerative diseases. It is important therefore to understand how the proliferation, migration, and differentiation of endogenous neural stem and precursor cells are regulated. However, up to now, nothing has been known about the molecular signals that govern neurogenesis in adult primates.
The neurotransmitter dopamine is an important factor to stimulate precursor cell proliferation in the SVZ of adult rodents (Baker et al., 2004; Coronas et al., 2004; Höglinger et al., 2004; Van Kampen et al., 2004; Winner et al., 2006) . Consistently, we found a reduced rate of cell proliferation in the SVZ of patients with Parkinson's disease, a condition characterized by forebrain dopamine depletion secondary to degeneration of the dopaminergic neurons in the substantia nigra pars compacta (SNpc) (Höglinger et al., 2004) . The dopaminergic regulation of SVZ precursor cell proliferation appears therefore to be conserved in humans, but the present evidence is weak, because it is difficult to control for all potentially confounding factors such as concomitant disease or medication that might influence the evaluation of neurogenesis in studies on human postmortem material. Furthermore, it is not known whether the dopaminergic innervation of the SVZ actually degenerates in Parkinson's disease, because not all dopaminergic cell populations are equally vulnerable to the disease process (Hirsch et al., 1988) . We have therefore examined in adult primates whether, first, there is an axonal projection from the SNpc to the SVZ and whether, second, a destruction of the dopaminergic neurons in the SNpc results in reduced precursor cell proliferation in the SVZ.
Materials and Methods
Animals. All experiments were performed in accordance with the European Communities Council Directive of 1986 (86/609/EEC). The monkeys were housed in individual cages under standard conditions (12 h light cycles; 23°C; 50% humidity). They had not been used previously for experimentation. For tracing studies, we used three Cercopithecus aethiops monkeys, 4 -6 years of age, weighing 5.5-6.5 kg. To study the effect of dopamine depletion, we used six aged macaques (Macaca mulatta), 20 -25 years of age, weighing 8 -15 kg. Two young macaques (Macaca fascicularis), 4 -6 years of age, weighing 3.5-4 kg, were used to compare the SVZ of young adult and aged macaques. Both species used (Ceropithecus, Macaca) belong to the same Old World monkey subfamily (Cercopithecine) and both have a comparable body size and brain development.
BrdU labeling. We injected unlesioned aged macaques under anesthesia (10 mg ketamine/kg body weight, i.m.) with the thymidine analog 5-bromo-2Јdeoxyuridine (BrdU) (Sigma, St. Louis, MO) to label proliferating cells. So that infrequently dividing precursors would be labeled, BrdU (40 mg BrdU/kg body weight, 5 mg/ml in 0.9% NaCl with 7 mM NaOH, i.p.) was injected 10 times at 2 d intervals over a 3 week period (cumulative dose per animal, 400 mg BrdU/kg body weight). Animals were killed 3 weeks after the last BrdU injection to allow the majority of restricted precursors to migrate out of the SVZ (Kornack and Rakic, 2001) . The BrdU ϩ cells remaining in the SVZ are therefore likely to be upstream elements in the neural cell lineage (Höglinger et al., 2004) .
Tracing studies. To label axonal projections from midbrain dopaminergic neurons, three C. aethiops monkeys were deeply anesthetized by i.m. injections of 10 mg of ketamine and 0.1 ml of atropine per kilogram of body weight, and kept anesthetized by inhalation of 1% fluothane in 50% nitrogen protoxide/50% oxygen. The anterograde tracer biotin dextran amine (BDA) (Sigma; 10% in 0.01 M PBS) was injected iontophoretically in 6.8 A pulses lasting 7 s, at 7 s intervals over a 20 min period into the posterolateral or anteromedial part of the SNpc or into the retrorubral field. One monkey was used for each condition. The stereotaxic injections were guided by radiological visualization of anatomical landmarks (ventricles, anterior and posterior commissure) (Percheron et al., 1986) . Ten to 12 d later, the animals were anesthetized, placed in a stereotaxic apparatus to introduce a vertical cannula into each cerebral hemisphere perpendicular to the plane passing through the two ventricular landmarks, and killed by an overdose of anesthetic and transcardial perfusion with 0.5 L of heparinized saline (0.9% NaCl), followed by 5 L of fixative (4% paraformaldehyde, 2.5% sucrose in saline) and 1 L of icecold 0.1 M PBS containing 5% sucrose. The brains were removed from the skull and immersed in 10% sucrose in PBS for 1 d and in 20% sucrose for 2 d, and cut into 50 m sections on a freezing microtome using the vertical cannulas as guide. Sections were stored in 0.1 M PBS containing 0.2% sodium azide.
MPTP treatment. To deplete brain dopamine, three aged macaques received intramuscular injections of the dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Sigma; dissolved in saline; 0.4 mg/kg body weight) at 2-3 d intervals under anesthesia (ketamine, 10 mg/kg body weight). The monkeys were examined behaviorally every other day. MPTP injections were repeated until a stable parkinsonian syndrome was present (four to six MPTP injections per animal; cumulative dose, 1.2-2 mg/kg). Three aged control macaques received saline injections. The animals were killed 5 weeks after the last MPTP or saline injection with a lethal dose of ketamine and perfused transcardially with 2 L of saline. Brains were removed, cut midsagitally in two hemispheres, and divided into tissue blocks. Blocks from one hemisphere were frozen rapidly for biochemical analysis. Blocks from the other hemisphere were postfixed for 3 d in 4% paraformaldehyde in 0.1 M PBS, immersed in 10% sucrose in PBS for 1 d and 20% sucrose for 2 d, and cut in 40 m sections on a freezing microtome.
Immunohistochemistry. Free-floating sections were incubated in 50% ethanol and 0.3% hydrogen peroxide in PBS (20°C; 30 min) to inhibit endogenous peroxidases, in PBS containing 10% normal goat serum and 0.3% Triton X-100 to block nonspecific binding sites (20°C; 30 min), and then in the following antibodies (4°C; 2 d): mouse IgM antipolysialylated neural cell adhesion molecule (PSA-NCAM) (1:400; Chemicon, Temecula, CA), rabbit anti-tyrosine hydroxylase (TH) (1: 500; Pel-Freez, Compiegne, France), rabbit anti-dopamine ␤-hydroxylase (1:500; Chemicon), rabbit anti-dopamine transporter (DAT) (1:500; Chemicon), rat anti-BrdU (1:200; ImmunologicalsDirect, Oxfordshire, UK), and mouse anti-proliferating cell nuclear antigen (PCNA) (1:500; DakoCytomation, High Wycombe, UK; Glostrup, Denmark). Samples were pretreated with 2N HCl (37°C; 30 min) and rinsed in 0.1 M boric acid for BrdU detection and in 70% ethanol (Ϫ20°C; 30 min) for PCNA detection. The antibodies were visualized by peroxidase histochemistry with diaminobenzidine (DAB) as substrate (Vector Laboratories, Burlingame, CA) or with fluorescent secondary antibodies (FITC-or Cy3-conjugated goat anti-rat or rabbit IgG; 1/200; Jackson ImmunoResearch, West Grove, PA). Nuclei were stained with methyl green or 4Ј,6Ј-diamidino-2-phenylindole (DAPI).
Tracer visualization. Free-floating sections were incubated with an avidin-biotin complex (ABC) (Elite; Vector Laboratories) diluted 1:100 in 0.1 M PBS containing 1% Triton X-100 (20°C; 24 h). After washing in Tris-HCl buffer, the ABC incubation was repeated. The BDA tracer was then visualized by incubation in a solution containing 0.06% hydrogen peroxide, 0.2% nickel ammonium sulfate, and 0.05% DAB. The reaction was stopped in Tris buffer.
Image analysis. Cell counts were performed on four regularly spaced coronal sections along the rostrocaudal extent of the SVZ from 7 mm anterior to 1 mm posterior to the anterior commissure and along the dorsoventral extent from the corpus callosum to the vena thalamostriata (Martin and Bowden, 1996) , using a semiautomatic stereology system (ExploraNova Mercator). The density of TH ϩ immunoreactivity was quantified by determining the optical density under bright-field illumination.
Statistics. Data are reported as the mean Ϯ SEM. Normal parametric data were compared by a two-sided, unpaired t test. A value of p Ͻ 0.05 was considered to be statistically significant.
Results
The SVZ of old primates Most studies of the SVZ in primates have been performed with young adult animals. Because most neurodegenerative diseases occur in older humans, we compared the SVZ of two young adult macaques (4 -5 years) and three old macaques (20 -25 years). Cells immunoreactive for PSA-NCAM, a marker of immature neuroblasts, were present in the SVZ of both young and old macaques (Fig. 1 A) . On sections stained with cresyl violet to visualize nuclei, the SVZ of both young and aged macaques was readily distinguished medially from the layer of ependymal cells with their rounded nuclei and laterally from the heterogeneous cell populations of the striatum (Fig. 1 A) (Kornack and Rakic, 2001; Höglinger et al., 2004; Sanai et al., 2004) . Both the diameter of the SVZ and the number of cells it contained were markedly reduced in old macaques compared with the young adults throughout the entire anteroposterior extent of the structure, whether cresyl violet-stained nuclei or PSA-NCAM-positive cells were used as markers (Fig. 1 A) . Therefore, to mimic the situation in neurodegenerative disorders of aged human subjects as closely as possible, we decided to study the dopaminergic influence on the SVZ of aged rather than young macaques.
Dopaminergic fibers contact proliferating cells in the primate SVZ
To analyze the spatial relationship between dopaminergic fibers and precursor cells in the SVZ of untreated aged macaques, we examined TH ϩ catecholaminergic fibers and BrdU ϩ proliferat-ing cells in the SVZ. TH ϩ catecholaminergic fibers were in close vicinity to BrdU ϩ SVZ cells (Fig. 1 B) . The fibers were dopaminergic, because they were labeled with an antibody against the dopamine transporter, but not the noradrenergic marker dopamine-␤-hydroxylase.
The SNpc projects topographically to the SVZ To determine the origin of the dopaminergic fibers in the SVZ, we stereotaxically injected the anterogradely transported axonal tracer BDA into the posterolateral part of the SNpc in one monkey and anteromedial part of the SNpc in another (Fig. 2 A) . The distribution of BDA ϩ axons in the three subdivisions of the striatum (caudate nucleus, putamen, nucleus accumbens) was analyzed on serial sections (Fig. 2 B) . In agreement with previous reports (Lynd-Balta and Haber, 1994a,b) , the nigrostriatal projection was topographically organized. The anteromedial SNpc projected preferentially to the anteroventral striatum, targeting primarily the caudate nucleus and the nucleus accumbens. The posterolateral SNpc projected preferentially to the posterodorsal striatum, targeting primarily the putamen.
The topographical organization was similar in the SVZ between the ependymal layer covering the lateral ventricles and the striatum. The anteromedial SNpc projected preferentially to the anteroventral SVZ, the posterolateral SNpc to the posterodorsal SVZ (Fig. 2C) .
To control for the specificity of this dopaminergic projection, we injected BDA into the dopaminergic retrorubral field of a third monkey. The retrorubral field is immediately caudal to the SNpc. BDA ϩ axons were found mainly in the anterolateral and posteroventral striatum. No BDA ϩ fibers were detected in the SVZ (data not shown).
Dopamine depletion reduces precursor cell production in the SVZ of aged primates
To study the effect of dopamine depletion on the SVZ of aged primates, three 20-to 25-year-old macaques were treated repeat- edly with the dopamine-specific neurotoxin MPTP, as specified in Materials and Methods, and killed 5 weeks after the last injection. They were compared with three unlesioned macaques of the same age.
There was pronounced loss of TH ϩ dopaminergic neurons in MPTP-treated macaques. Loss of TH ϩ cell bodies was severe in the lateral SNpc, moderate in the medial SNpc, and mild in the ventral tegmental area (Fig. 3A) . The anterior SNpc was more severely affected than the posterior SNpc (data not shown). In the caudate nucleus and putamen, there was a significant decrease in the optical density of TH ϩ fibers (MPTP, 4.71 Ϯ 2.15; control, 19.14 Ϯ 3.62; p Ͻ 0.05), but the nucleus accumbens was not significantly affected (MPTP, 14.22 Ϯ 0.90; control, 16.15 Ϯ 2.65) (Fig. 3B) . In the SVZ, loss of TH ϩ fibers was more pronounced in the dorsal SVZ receiving afferents from the anterolateral SNpc than in the ventral SVZ receiving afferents from the posteromedial SNpc (Fig. 3B) .
The number of proliferating cells in the SVZ, determined by stereological analysis of PCNA ϩ cells on regularly spaced sections spanning the entire rostrocaudal and dorsoventral extent of the structure, was significantly reduced by 44% in the MPTP monkeys compared with controls (MPTP, 44.4 Ϯ 9.9/mm; control, 78.8 Ϯ 6.6/mm; p Ͻ 0.05) (Fig. 3C) . The number of migrating neuroblasts in the SVZ, determined by stereological analysis of PSA-NCAM ϩ cells, was reduced by 59% in the MPTP-treated monkeys (MPTP, 13.1 Ϯ 1.0/mm; control, 32.2 Ϯ 5.6/mm; p Ͻ 0.05) (Fig. 3D) .
The reduction in cell proliferation within the SVZ is correlated with dopaminergic denervation
The loss of dopaminergic (TH ϩ , DAT ϩ ) fibers was virtually complete in the dorsal SVZ of MPTP-treated monkeys, whereas some dopaminergic fibers remained in the ventral SVZ (Figs. 3B,  4 A) . To determine whether the reduction in cell proliferation also followed a dorsoventral gradient, we analyzed the dorsal and ventral halves of the SVZ separately on each of the histological sections covering the entire rostrocaudal extent of the structure. The ratio of the number of PCNA ϩ cells in the dorsal and ventral SVZ was 0.32 Ϯ 0.05 in MPTP-treated monkeys compared with 0.78 Ϯ 0.15 in controls ( p Ͻ 0.05) (Fig. 4 B) . This indicates a greater reduction in cell proliferation in the dorsal SVZ of MPTPtreated monkeys than in the ventral SVZ, reflecting the pattern of dopaminergic denervation. The ratio of PSA-NCAM ϩ neuroblasts in the dorsal and ventral SVZ was similar, however, in MPTP-treated (1.32 Ϯ 0.13) and control (1.40 Ϯ 0.67) monkeys (Fig. 4C) indicating that dopamine depletion affected cell proliferation but did not change the distribution pattern of PSA-NCAM ϩ neuroblasts.
Discussion
We report here first evidence for the existence of a topographically organized dopaminergic projection from the SNpc to the SVZ in primates that is implicated in the regulation of adult neurogenesis. This nigro-subventricular projection appears specific, because no axonal extensions to the SVZ from the dopaminergic retrorubral field immediately caudal to the SNpc was detected in our study, and because the axonal projections from the dopaminergic ventral tegmental area, medial to the SNpc, have been shown to terminate predominantly in the nucleus accumbens (Lynd-Balta and Haber, 1994a,b), thus ventral to the SVZ. The similarity of the topographical organization of this projection with the organization of the nigrostriatal track, as described in this study, suggests that it might consist of axons that spread out into the SVZ from the neighboring striatum at some stage of development. This view is supported by anatomical studies demonstrating that a dopaminergic innervation arrives during embryogenesis concomitantly in both the striatum and SVZ of the developing rodent brain (Ohtani et al., 2003; Popolo et al., 2004) . Functional studies demonstrated that dopaminergic D 2 -like receptor stimulation increases proliferation of precursor cells from the adult rodent SVZ, whereas D 1 -like receptor stimulation has the opposite effect (Coronas et al., 2004; Höglinger et al., 2004) , just as it is the case in the embryonic rodent SVZ (Ohtani et al., 2003; Popolo et al., 2004; Zhang et al., 2005) . The net effect of dopamine, acting on both D 1 -like and D 2 -like receptors, appears to depend on the relative abundance of these receptors on precursor cells in both the embryonic and adult SVZ (Ohtani et al., 2003; Höglinger et al., 2004; Popolo et al., 2004) . Together, these observations suggest an ontogenetic continuum of the dopaminergic control of precursor cell proliferation from the embryonic to the adult SVZ.
Previous work has already shown that dopamine is a potent stimulator of endogenous neural precursor cell proliferation in the adult rodent SVZ (Baker et al., 2004; Coronas et al., 2004; Höglinger et al., 2004; Van Kampen et al., 2004; Winner et al., 2006) . Although dopamine has been reported to inhibit the proliferation of a population of slowly dividing stem cells in the adult rodent SVZ (Kippin et al., 2005) , its stimulatory effect on the more abundant and highly proliferative precursor cells (Coronas et al., 2004; Höglinger et al., 2004) appears to predominate in vivo. In the adult rodent SVZ, dopaminergic stimulation globally increased precursor cell production (Höglinger et al., 2004; Van Kampen et al., 2004) , whereas dopamine depletion globally reduced precursor cell production (Baker et al., 2004; Höglinger et al., 2004; Winner et al., 2006) . In the present study, experimental dopamine depletion in aged macaques resulted in a significant decrease in cell proliferation in the SVZ, in correlation with the loss of dopaminergic innervation, and in a decrease in the number of PSA-NCAM ϩ neuroblasts. These observations suggest that the stimulating effect of dopamine on precursor cell proliferation in the adult SVZ is functional and phylogenetically conserved from rodents to primates.
Therefore, in addition to its well known role in the regulation of mood, motivation, and movement, the SNpc also participates in the regulation of adult neurogenesis through the previously unknown dopaminergic nigro-subventricular projection described in this report. The effect of dopamine depletion on precursor cell production in primates may have important implications for human disease. Chronic dopamine depletion in humans, as occurring in Parkinson's disease, might indeed lead to a consistent reduction in precursor cell production, as it had been suggested by the results from rodent models of the disease (Baker et al., 2004; Höglinger et al., 2004; Winner et al., 2006) . Thus, a chronic alteration of the precursor cell supply to the olfactory bulb might underlie olfactory dysfunction in patients with Parkinson's disease or subclinical dopamine deficiency (Berendse et al., 2001) . Conversely, stimulation of dopaminergic neurotransmission by pharmacological means might prove beneficial in neurodegenerative conditions such as stroke, Huntington's disease, or multiple sclerosis, in which repair mechanisms involving SVZ-derived neural precursors have been evoked (Arvidsson et al., 2002; Picard-Riera et al., 2002; Curtis et al., 2003 ). The present study shows that there is an anatomical and molecular substrate permitting manipulation of endogenous neural precursor cells in the brain of aged primates. The idea that it might be used for therapeutic purposes opens exciting perspectives.
